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PHOSPHORYLATION OF myosin light chain by calcium-calmodulindependent myosin light chain kinase is the primary mechanism of smooth muscle contraction. Nevertheless, during sustained contractions of tonic smooth muscle, force is maintained whereas calcium and myosin light chain phosphorylation is reduced. Additional regulatory mechanisms at the level of the thin filaments have been postulated. Thin-filament regulation involves the actinbinding contractile regulatory proteins tropomyosin (5, 14) , caldesmon (8, 18) , and calponin (2, 40) .
Calponin is an actin-associated protein found in smooth muscle and nonmuscle cells. Calponin was originally discovered in chicken gizzard smooth muscle (45) . Three isoforms of calponin, viz., acidic, neutral, and basic calponin, have been classified on the basis of their isoelectric point (29) . Basic calponin is distributed specifically in smooth muscle tissues (6) and has been well characterized in vitro. Calponin inhibits the actin-activated Mg-ATPase activity of phosphorylated smooth muscle myosin. In vitro motility assays demonstrated that calponin inhibits relative movement of actin and myosin filaments (3) . It has also been reported that exogenously added calponin reduces the active tension and maximal shortening velocity in skinned smooth muscle (41) . Calponin has thus been suggested as an important modulator of smooth muscle contraction. Calponin has also been shown to be associated with other contractile proteins, tropomyosin (46) , myosin (31) , and calmodulin (20) .
Contraction of smooth muscle has been correlated with phosphorylation of calponin (43, 44) . PKC catalyzes the phosphorylation of calponin at Ser175 and Thr184, which have been postulated to result in loss of its actomyosin ATPase inhibitory activity (23, 31) . Phosphorylation of calponin by PKC has been shown to modulate porcine arterial smooth muscle contraction. Thus PKC regulation of calponin phosphorylation is of physiological importance (29) . Phosphorylation of calponin results in its dissociation from actin (26) and from tropomyosin (28) . In its unphosphorylated state, calponin binds to actin and inhibits Mg-ATPase of myosin. Upon phosphorylation by PKC, inhibiting activity of calponin is lost (22) .
Upon stimulation with contractile agonists, calponin has also been shown to relocate to the membrane in coronary smooth muscle cells (28, 29) . Histochemical and digital imaging microscopy studies have shown that calponin is distributed more toward the center rather than the periphery in a resting cell and distributed with the cytoskeleton upon agonist stimulation in chicken gizzard smooth muscle cells (15) . In resting vascular smooth muscle cells of the ferret, calponin is distributed throughout the cytosol associated with filamentous structures, and upon stimulation with a contractile agonist the cellular distribution of calponin changed from primarily cytosolic to surface (12) .
Tonic contraction is activated by activation of protein kinase C (16) . We have previously shown that PKC-␣ translocates to the membrane during agonist-induced contraction of smooth muscle cells from the rabbit colon (30) . Reports indicate that PKC-/PKC-␣ interacts with calponin (15, 24) . Calponin is also shown to form a substrate for Rho kinase in vitro (34) . In addition, it was reported that calponin may facilitate ERKdependent signaling, thus playing a significant role in regulation of vascular smooth muscle contraction (7) .
Previous studies from this laboratory showed that acetylcholine induced a sustained increase in the association of translocated calponin and PKC-␣ in the particulate fraction (27) . Present investigation reports different domains of PKC-␣ involved in direct interaction with calponin.
PKC is characterized by 1) an NH 2 -terminal regulatory domain, which mediates membrane association and activation; 2) a small central hinge region; and 3) a COOH-terminal catalytic domain containing the active site. There are four conserved domains of PKC: 1) C1 domain containing a Cysrich motif, which forms the diacylglycerol-phorbol ester binding site. 2) C2 domain containing the Ca 2ϩ -binding site. The C2 domain mediates Ca 2ϩ -dependent binding to the membrane lipid phosphatidylserine, which induces a conformational change that activates the enzyme. 3) C3 domain possessing the binding site for ATP, the phosphate donor for phosphotransferase activity. 4) C4 domain, which is the catalytic domain that possesses the binding site for substrates (27) .
To determine the specific domains in direct interaction with calponin, His-tagged fragments of individual PKC-␣ domains and different combinations of PKC-␣ domains were used. Studies were also conducted using the colonic smooth muscle cells (CSMC) transfected with His-tagged fragments of individual PKC-␣ domains and different combinations of PKC-␣ domains. Data showed a direct binding of calponin to fulllength PKC-␣ both in vitro and in transfected cells. In vitro binding studies showed that, among the different domains of PKC-␣, C2 and C4 have significantly higher binding compared with C1 and C3. Among the truncated forms of PKC-␣, calponin bound to C2-C3-C4, C2-C3, and C3-C4 in vitro but only to C2-C3-C4 in transfected cells. Calponin did not bind to C1-C2-C3 and C1-C2 either in vitro or in transfected cells. In transfected CSMC, the association increased upon stimulation with acetylcholine. The studies using cells transfected with truncated forms of PKC-␣ thus indicate that PKC-␣ (C1-C2), PKC-␣ (C1-C2-C3), PKC-␣ (C2-C3), and PKC-␣ (C3-C4) did not associate with calponin. Only full-length PKC-␣ and PKC-␣ (C2-C3-C4) associated directly with calponin. The data therefore suggest that calponin bound to fragment that mimics the active form of PKC-␣ and that functional association of PKC-␣ with calponin may require both C2 and C4 domains.
EXPERIMENTAL PROCEDURES

Materials
Collagenase type II was purchased from Worthington Biochemical (Freehold, NJ). Protein G-Sepharose was from Pharmacia Biotech (Uppsala, Sweden). Polyvinylidene fluoride (PVDF) membranes were from Bio-Rad (Hercules, CA). Full-length PKC-␣ protein was purchased from Cytoskeleton, Denver, CO. Lipofectamine reagent and Plus reagent were purchased from Invitrogen, Carlsbad, CA. Mouse monoclonal anti-PKC-␣ and anti-calponin antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. Isopropyl-␤-Dthiogalactopyranoside (IPTG) was purchased from Invitrogen. AntiHis antibodies and Enhanced Chemiluminescence (ECL) detection reagents were from Amersham Biosciences, Amersham, UK. Antiglutathione S-transferase (GST) antibody, acetylcholine, and other reagents were purchased from Sigma, St. Louis, MO.
Methods
Construction and purification of recombinant GST-calponin aa 92-229 protein. A 1.3-kbp cDNA (gift from Dr. J. M. Miano, University of Rochester Medical Center, Rochester, NY) was used for amplifying the coding regions of the human basic calponin gene with forward primer 5Ј ATC AAG GCC ATC ACC AAG TAT (nucleotide 352-372) and reverse primer 3Ј CTA GGC GGA ATT GTA GTA GTT (nucleotide 952-972). The restriction site of the forward primer was BamHI whereas the restriction site of the reverse primer was EcoRI. The PCR products (622 bp) were double digested with the restriction enzymes BamHI and EcoRI. The digested PCR products were fused in frame with the NH 2-terminal GST-tag vector, pGEX-KT (gift from Dr. J. E. Dixon, University of California-San Diego, San Diego, CA). The vector consisted of GST DNA sequences immediately following an IPTG-inducible promoter region and a transcription start codon ATG. The newly inserted DNA would fuse with the GST at its 3Ј end such that, when a protein is expressed, it would form as an NH 2-terminal GST fusion protein. The GST fusion calponin protein was expressed and purified with glutathione-agarose beads as described by Hakes and Dixon (7) with slight modification. Five milliliters of overnight culture were inoculated in 500 ml fresh LB media with 100 g/ml ampicillin. The culture was grown with vigorous shaking at 37°C until it reached to 0.4 -0.5 OD at 600 nm (ϳ3 h). IPTG was then added to the culture at 1 mM final concentration and the cultures were grown for another 3-4 h with vigorous shaking at 37°C. The cells were then collected by centrifugation at 4,000 rpm for 10 min. The cell pellet was resuspended in 1/10th volume of ice-cold mouse tonicity phosphate buffered saline (MTPBS; 150 mM NaCl, 16 mM Na 2HPO4, 4 mM NaH2PO4, pH 7.3, 1% Triton X-100) ϩ 0.1% ␤-mercaptoethanol and lysozyme at a final concentration of 100 g/ml (freshly prepared from 10 mg/ml stock), followed by an incubation on ice for 30 min. The cells were lysed by mild sonication and centrifuged at 10,000 rpm for 15 min. The supernatant was mixed with glutathione agarose beads (50 l of each 500-l supernatant) and rocked at 4°C for 2 h. The beads were washed thrice with five bead volumes of MTPBS. The fusion protein was eluted with one bead volume of elution buffer (50 mM Tris ⅐ HCl, pH 8.0 containing 10 mM reduced glutathione). The fusion proteins were analyzed by immunoblotting using anti-GST and anti-calponin antibodies.
Construction of recombinant His-tagged full-length PKC-␣ and His-tagged different fragments of PKC-␣.
To define the domains of PKC-␣ involved in direct association with calponin, in vitro binding assay was performed using purified fragments of different combinations of PKC-␣ domains: His-PKC-␣ (C1-C2-C3), His-PKC-␣ (C2-C3-C4), His-PKC-␣ (C1-C2), His-PKC-␣ (C2-C3), His-PKC-␣ (C3-C4), His-PKC-␣ (C1), His-PKC-␣ (C2) and His-PKC-␣ (C3), and His-PKC-␣ (C4). Different combination of domains used for the studies were constructed as described previously (27) .
In vitro binding assay of fusion protein GST-calponin aa 92-229 with full-length PKC-␣ and His-tagged different constructs of PKC-␣ proteins. Either 25 g (0.48 mol) of GST-calponin aa 92-229 or 13 g (0.48 mol) of GST was mixed with 200 l of glutathione agarose beads and rocked for 2 h at 4°C. Unbound GST-calponin aa 92-229 fusion proteins or GST were removed by washing five times with MTPBS. All the washes were retained for further analysis, and 10 g of full-length PKC-␣ protein or 25 g of His-tagged different constructs of PKC-␣ proteins were added to the GST-calponin aa 92-229-bound beads or GST-bound beads and rocked for 1 h at 4°C. Unbound PKC-␣ protein was removed by washing five times with MTPBS. All the washes were retained for further analysis. The bound proteins were eluted twice with one bead volume of elution buffer (50 mM Tris ⅐ HCl, pH 8.0 containing 10 mM reduced glutathione). Ten microliters of the first, third, and fifth washes and the elution were spotted on three PVDF membranes. The membranes were blocked with 5% nonfat dry milk and immunoblotted with anti-GST antibody, anti-calponin antibody, anti-PKC-␣ antibodies, or anti-His antibody, respectively. The spots were detected by ECL.
Dot blot. Dry blotting paper and the PVDF membrane were cut according to the dot-blot apparatus size. The cut PVDF membrane was soaked in 100% methanol for 2-3 min followed by equilibration in 1ϫ PBS for 5 min. Dot blot was performed adding 10 l of the sample into each slot following manufacturer's instructions. The membrane was incubated in 5% nonfat dry milk in Tris-buffered saline with Tween-20 (TBST) and rocked for 1 h at room temperature. The membrane was washed three times for 10 min with TBST. The membrane was then incubated in the appropriate dilution of primary antibody for 1 h with rocking at room temperature. Again, the membrane was washed three times for 15 min with TBST. The membrane was then incubated in the appropriate dilution of secondary antibody for 1 h with rocking at room temperature, followed by washing three more times for 15 min with TBST. The membrane was then incubated with ECL reagent for 1 min. The proteins were detected on the membrane by immediately exposing the membrane to the film.
Isolation of smooth muscle cells from rabbit colon. New Zealand White rabbits were euthanized according to University of Michigan University Committee on Use and Care of Animals animal care guidelines. The internal anal sphincter, consisting of the distalmost 3 mm of the circular muscle layer, ending at the junction of skin, and mucosa was removed by sharp dissection. A 10-cm length of the colon to the junction of jejunum was dissected and used for further isolation of smooth muscle cells. Cells were isolated as previously described. Circular muscle tissue was incubated for two successive 1-h periods at 31°C in 15 ml of HEPES buffer (pH 7.4) (in mM): 115 NaCl, 5.7 KCl, 2.0 KH 2PO4, 24.6 HEPES, 1.9 CaCl2, 0.6 MgCl2, 5.6 glucose containing 0.1% (wt/vol) collagenase type II, 0.01% (wt/vol) soybean trypsin inhibitor, and 2 mg/ml Dulbecco's modified Eagle's medium (DMEM). At the end of the second enzymatic incubation period, the medium was filtered through a 500-m Nitex filter. The partially digested tissue left on the filter was washed four times with 10 ml of collagenase-free buffer solution. Tissue was then transferred into 15 ml of fresh collagenase-free buffer solution, and cells were gently dispersed. After a cell count, the harvested cells were diluted in collagenase-free HEPES buffer (pH 7.4). Each colon yielded 10 -20 ϫ 10 6 cells.
Transfection of smooth muscle cells with full-length PKC-␣ and different combinations of PKC-␣ domains.
Fresh CSMC from rabbit were cultured in DMEM with 10% FBS and 3% penicillin-streptomycin. Cells were passaged on the day before transfection and allowed to reach 70% confluence on the day of transfection. CSMC used were from passage 1 to rule out the risk of change in the phenotype. pcDNA3.1 with full-length PKC-␣, PKC-␣ (C1-C2-C3), PKC-␣ (C1-C2), PKC-␣ (C2-C3), PKC-␣ (C2-C3-C4), and PKC-␣ (C3-C4) cDNAs (27) were transfected into the cells by using Invitrogen Lipofectamine reagent as described previously (27) . Briefly, the cDNA was diluted with serum-free DMEM and mixed with Plus reagent, followed by incubation at room temperature for 15 min. The Lipofectamine reagent was diluted with serum-free DMEM. Then the precomplexed DNA and diluted Lipofectamine reagent were mixed and incubated for 15 min. The transfection complex was then overlaid on the cells. After 4 h of incubation, the medium was changed to culture medium. After the cells reached confluence, they were used for the experiments. The overexpression of full-length PKC-␣ and truncated forms of PKC-␣ was confirmed by Western blot (27) .
Immunoprecipitation and immunoblotting. Confluent transfected rabbit colon smooth muscle cells were treated with acetylcholine for 4 min, followed by wash with cold PBS three times. Lysates from the transfected cells were analyzed for protein content by using Bio-Rad protein assay reagent. Anti-calponin antibody (4 l) was added to 500 g of protein sample in 500 l of lysis buffer and rocked overnight at 4°C, and 50 l of 50% protein G-Sepharose bead slurry was added to the overnight mixture and rocked at 4°C for 2 h. The beads bound with proteins were then collected by centrifuging at 14,000 g for 3 min at 4°C. Supernatant was discarded and the bead pellet was washed three times at room temperature with TBS bead wash buffer (20 mM Tris⅐HCl, 150 mM NaCl, pH 7.6) (17). The beads were then resuspended in 25 l of 2ϫ Laemmli sample buffer and boiled for 5 min. Proteins from the immunoprecipitates were separated on SDS-PAGE and transferred to a PVDF membrane. The membrane was immunoblotted with anti-PKC-␣ antibody.
Data Analysis
Bands from the Western blot spots were quantitated using a densitometer (Bio-Rad model GS-700, Bio-Rad Laboratories) and the band density (absorbance units ϫ mm 2 ) was calculated and expressed as percent of total density. The control bands intensities were standardized to 100%, and the band intensities of samples from treated cells were compared with the control and expressed as percent change from the control. Each experiment had its own control. All the means were compared and analyzed by ANOVA. Band data are within the linear range of detection for each antibody used.
Dot-blot spots were quantified by use of a densitometer (model GS-700, Bio-Rad Laboratories), and spot volumes (absorbance units ϫ mm 2 ) were calculated and expressed as a percentage of the total volume. Spot data are within the linear range of detection for each antibody used. The control spot intensity was standardized to 100%. The spot intensities of eluted fractions of the PKC-␣ were compared with the control and expressed as a percent change from the control. All the means were compared and analyzed by Student's t-test.
Spots were quantitated using a densitometer (model GS-700, BioRad Laboratories), and spot densities (absorbance units ϫ mm 2 ) were calculated and expressed as a percentage of the total density. Spot data are within the linear range of detection for each antibody used. In addition, spots for standard proteins (of GST and PKC-␣) in serial dilutions of 500 to 1 ng were analyzed. The combined intensity of the eluted fractions of the fusion protein (GST-calponin aa 92-229) and the combined intensity of the eluted fractions of the binding protein (PKC-␣) were converted to molar quantities by the plot drawn against the standard protein intensities. Hence the molar ratios of the proteins interacting were calculated.
RESULTS
Expression and Purification of GST-Fused Calponin
GST-tagged calponin was constructed to carry out in vitro binding assay to investigate the possibility of direct protein-protein interaction between PKC-␣ and calponin. PCR amplified 622 bp calponin cDNA (nucleotide 351-972 corresponding to amino acid 92-229) (Fig. 1A) was cloned into GST tag containing vector, pGEX-KT at BamHI and EcoRI sites to express calponin as NH 2 -terminal GST-fused proteins. The clone was then confirmed to be in the correct open reading frame by sequencing.
The GST-calponin aa 92-229 fusion protein was expressed by induction with 1 mM IPTG. The expressed fusion protein was purified by using the glutathione agarose beads as described in Methods and analyzed by immunoblotting using anti-calponin and anti-GST antibodies (Fig. 1B) . A band of ϳ56-kDa molecular mass was detected on the blot both by anti-calponin antibody and anti-GST antibody.
Calponin Directly Binds Full-Length PKC-␣ In Vitro
To study the direct association of calponin with PKC-␣, in vitro binding assay was carried out using GST-calponin aa 92-229 fusion protein and purified full-length PKC-␣. GSTcalponin aa 92-229 protein was conjugated to glutathione agarose beads and incubated with full-length PKC-␣ protein.
The incubation with PKC-␣ allowed its binding to the immobilized GST-calponin aa 92-229. The GST-calponin aa 92-229 fusion proteins bound with PKC-␣ were eluted from the glutathione agarose beads with reduced glutathione buffer (pH 8.0) as described in Methods. The washing fractions ( Fig. 2A,  lanes 3-5) and eluted fractions ( Fig. 2A, lanes 7-8) were analyzed on dot blot using anti-calponin, anti-PKC-␣, and anti-GST antibodies. The PKC-␣ dots were observed in the elution ( Fig. 2A, lanes 7-8) from glutathione agarose-bound GST-calponin aa 92-229 fraction. Glutathione agarose beads conjugated to GST alone were used as controls to confirm that the binding of PKC-␣ was due to its binding with calponin, but not to GST (Fig. 2A) . The percentage increase of binding of full-length PKC-␣ to calponin was 86.57 Ϯ 23.90% above control (n ϭ 3, P Յ 0.01) (Fig. 2B) . The in vitro data thus suggest that full-length PKC-␣ binds to calponin directly.
In Vitro Association of Calponin With Different Truncated Forms of PKC-␣
To define the domains of PKC-␣ involved in direct association with calponin, in vitro binding assay was performed using purified fragments of different combinations of PKC-␣ domains (38) . Different combination of domains used were His-PKC-␣ (C1-C2-C3), His-PKC-␣ (C2-C3-C4), His-PKC-␣ (C1-C2), His-PKC-␣ (C2-C3), and His-PKC-␣ (C3-C4). Analysis of blots showed significant binding of GST-calponin aa 92-229 to His-PKC-␣ (C2-C3-C4) (86.54 Ϯ 14.40%; n ϭ 3, P Յ 0.01) (Fig. 3B) , His-PKC-␣ (C2-C3) (62.98 Ϯ 22.71%) (Fig. 3D) , and His-PKC-␣ (C3-C4) (65.10 Ϯ 16.01%) (Fig.  3E ) compared with the His-PKC-␣ (full-length) (n ϭ 4, P Յ 0.05) (Fig. 2) . However, no significant binding of GST-calponin aa 92-229 to His-PKC-␣ (C1-C2-C3) (0.53 Ϯ 0.36%) (Fig.  3A) and His-PKC-␣ (C1-C2) (Fig. 3C ) (2.87 Ϯ 3.99%) was observed compared with the His-PKC-␣ (full-length) (n ϭ 4, P Յ 0.05) (Fig. 2) . Graphical representation of the binding data suggest that the C1 domain of PKC-␣ may not be essential for the binding of PKC-␣ to calponin. It also suggests that calponin binding site(s) may exist on the C2, C3, or C4 domains of PKC-␣.
Specific PKC-␣ Domain Involved in Direct Association of PKC-␣ With Calponin
To map the precise domain that is responsible for the interaction of the two proteins, in vitro binding assay was performed by using His-tagged fragments of individual domain of PKC-␣: His-PKC-␣ (C1), His-PKC-␣ (C2), His-PKC-␣ (C3), and His-PKC-␣ (C4). The binding data demonstrate direct binding of GST-calponin aa 92-229 to His-PKC-␣ (C2) (53.29 Ϯ 21.89%) (Fig. 4B) and His-PKC-␣ (C4) (62.10 Ϯ 17.74%) (Fig. 4D) but not to His-PKC-␣ (C1) (0.53 Ϯ 4.31%) (Fig. 4A) and His-PKC-␣ (C3) (0.02 Ϯ 0.73%) (Fig. 4C) (n ϭ 3, P Յ 0.05). Graphical representation of the in vitro binding data suggest that direct binding sites for calponin may exist on C2 and C4 domains of PKC-␣, but not on the C1 or C3 domain. Interestingly, the fragments with C1 domain, His-PKC-␣ (C1-C2) and His-PKC-␣ (C1-C2-C3), did not bind to calponin. The presence of C1 may interfere with the in vitro interaction of PKC-␣ with calponin when C4 domain is not present. The data also indicated the importance of the C4 domain of PKC-␣ in the binding of PKC-␣ to calponin. 
Association of Calponin With Different Truncated Forms PKC-␣ In Vivo
To confirm the binding of truncated forms of PKC-␣ with calponin in CSMC, full-length PKC-␣ and different His-truncated forms of PKC-␣ were subcloned into pcDNA3.1 and were transiently transfected into cultured rabbit CSMC. The transfection efficiency was over 80%. The overexpression of full-length PKC-␣ or the truncated forms of PKC-␣ was confirmed by Western blot (30) .
Confluent transfected CSMC were stimulated with 0.1 M acetylcholine for 4 min. The stimulated transfected cells, unstimulated transfected cells and untransfected rabbit colon smooth muscle cells were immunoprecipitated with anti-calponin antibody. The immunoprecipitates were then subjected to SDS-PAGE. In Fig. 5A, lanes 1, 2, 4, 6, 8, 10 , and 12 were loaded with untreated sample whereas lanes 3, 5, 7, 9, 11 , and 13 were loaded with samples treated with acetylcholine. The SDS-PAGE separated proteins were transferred to PVDF membrane. The membrane was immunoblotted with anti-PKC-␣ antibody. The band intensity was observed in CSMC transfected with full-length PKC-␣, and in CSMC transfected with PKC-␣ (C2-C3-C4). The association of full-length PKC-␣ and fragments PKC-␣ (C2-C3-C4) to calponin increased upon stimulation with acetylcholine (Fig. 5A, lanes 3  and 13) . Acetylcholine-induced significant increases in the association of PKC-␣ with calponin in CSMC transfected with full-length PKC-␣ and PKC-␣ (C2-C3-C4) are 123.76 Ϯ 3.24 and 120.78 Ϯ 8.99%, respectively, compared with untransfected smooth muscle cells (control) (n ϭ 3, P Յ 0.05) (Fig.  5B) . The amounts of calponin immunoprecipitated remained constant in all the experiments (data not shown). The association of the PKC-␣ (C1-C2-C3), PKC-␣ (C1-C2), PKC-␣ (C2-C3), and PKC-␣ (C3-C4) with calponin was not observed in vivo (Fig. 5A) .
Graphical representation of immunoprecipitation data also suggests that in smooth muscle cells, full-length PKC-␣, and the fragments PKC-␣ (C2-C3-C4) associated with calponin in cells, and the association increased upon stimulation with acetylcholine ( Fig. 5B) , whereas the fragments PKC-␣ (C1-C2-C3), PKC-␣ (C1-C2), PKC-␣ (C2-C3), and PKC-␣ (C3-C4) did not bind calponin either before or after stimulation with acetylcholine (Fig. 5B) . These data suggest that the functional association of PKC-␣ with calponin may require both the C2 and C4 domain.
DISCUSSION
Calponin is hypothesized to be a cytoskeleton regulatory protein functioning as a bridge between actin and the intermediate filament network in smooth muscles (9) . Potential binding partners for calponin include calmodulin, s100 proteins, tropomyosin, myosin, and caldesmon (10) . A direct interaction of calponin with phospholipids and with HSP90 has also been suggested (19) .
Immunoprecipitation with anti-calponin antibody followed by immunoblot against anti-PKC-␣ antibody indicated an increase in the amount of associated proteins in the particulate fraction in response to acetylcholine in CSMC. The increase was evident at 30 s after stimulation with acetylcholine and was sustained at 4 min. There is concomitant decrease in the acetylcholine-induced association of calponin with PKC-␣ in the cytosolic fractions. This is indicative of increased association of translocated calponin with translocated PKC-␣ in response to acetylcholine in the CSMC (19) . Agonist-induced smooth muscle contractions are not entirely dependent on myosin-light chain phosphorylation (42) . Myosin light chain phosphorylation did not change in ferret aorta smooth muscles loaded with antisense calponin RNA during phenylephrineinduced contraction. Ferret aorta smooth muscle strips loaded with antisense calponin RNA also showed decreases in the amplitude of phenylephrine-induced contraction (28, 29) . Matthew et al. (19) reported an increase in shortening velocity of smooth muscle from the bladder and vas deferens of calponinknockout mouse. Agonist-induced contraction was not addressed in mice lacking calponin (15) . In the present studies, we have used isolated permeabilized smooth muscle cells to examine the involvement of calponin during agonist-induced contraction. Preincubation of cells with anti-calponin antibody inhibit agonist-induced smooth muscle contraction. Walsh (42) has suggested that calponin might play an important role in regulation of agonist-induced contraction of tonic smooth muscles.
Association and redistribution of calponin along with PKC upon agonist stimulation has been previously reported in vascular smooth muscle. In the relaxed state of the cell, calponin is distributed throughout the cell cytoplasm of vascular smooth muscle cells (21) . In the present studies, reduction of the associated proteins in the cytosolic fraction indicated a translocation of the protein. Leinweber et al. (15) have shown that calponin interacts with PKC-␣ at the regulatory domain in vitro and that aa 160 -182 of calponin seems to be necessary for its interaction with PKC-␣. Calponin has been shown to inhibit actin-activated myosin ATPase activity in reconstituted contractile protein systems, and this inhibition is reversed by phosphorylation catalyzed in vitro by PKC or Ca ϩ2 /calmodulin-dependent protein kinase II (CaM kinase II) (39) . Calponin is also a well-established in vitro substrate for PKC as well as a possible in vivo substrate for PKC (11) . Rokolya et al. (32) have demonstrated that the physiological kinase for calponin phosphorylation is protein kinase C. Studies from other laboratories have indicated that PKC activity is related to its subcellular localization (33, 35) . Many investigators have described association of PKC to the plasma membrane upon stimulation of smooth muscles (4) . Membrane association is reflected in a shift in subcellular localization and translocation from cytosolic PKC to membrane compartments. This process is controlled by protein-protein interactions that play an important role in localization and function of PKC isozymes. The interaction between PKCs and cytoskeletal proteins is isozyme selective.
In smooth muscle cells, PKC can interact with several proteins. Recent data from our laboratory indicate that acetylcholine induces a significant and sustained increase in the association of thin-filament tropomyosin with PKC-␣ in the particulate fraction of CSMC (36) . In response to acetylcholine stimulation, calponin translocates to particulate fraction with an increase in the association of calponin with HSP27, tropomyosin and PKC-␣ in CSMC (30) . The interactions of PKC with other proteins play an important role in the functions of PKC itself and the other proteins with which it interacts. In the present study, we have investigated the domains of PKC-␣ essential for its binding to calponin. In vitro and in vivo studies were carried out to investigate the specific domains of PKC-␣ involved in direct interaction calponin with PKC-␣. In vitro studies were carried out using GST-tagged-calponin fusion protein. Although the fusion protein contained calponin aa 92-298, it included the putative phosphorylation sites (Ser175 and Thr184) (34) . The fusion protein could also be identified by anti-calponin monoclonal antibody, indicating that the expressed fusion protein was functional. The fusion protein was immobilized on glutathione agarose and was tested for its interaction with recombinant PKC-␣. Examination of the dot blots of the fractions collected from the in vitro binding studies indicated a direct association of recombinant PKC-␣ with GST-calponin aa 92-229 fusion protein ( Fig. 2A) . Furthermore, to test whether the association was specific, we used GST alone as control and the elution did not reveal any binding of PKC-␣ with GST alone (Fig. 2A) . Direct association of calponin with PKC-␣ explains the direct association of calponin with PKC-␣ in CSMC.
In vitro binding data indicate that calponin binding sites exist on C2, the regulatory domain, and C4, the catalytic domain of PKC-␣. Most of the protein binding sequences are localized to the regulatory domain of PKC (15) . The C2 domain has dual roles in the regulation of PKC-␣ activity. In addition to its proposed lipid or Ca 2ϩ -lipid binding sites, this domain regulates protein-protein interactions. The C2 region contains the RACK binding site (37) and the GAP43 binding site in PKC-␦ (25) . The C2 region in PKC-␤ also possesses the pseudo-RACK binding site (25) . The RACKs bind PKC in its active conformation and increase PKC phosphorylation of substrates (25) . In this study, we found the calponin binding sites exist within the regulatory domain, which provide further evidence of the direct interaction between PKC and the cytoskeletal protein calponin. The COOH terminus is largely conserved among the different PKC isoforms, suggesting the possibility of common binding sites, which bestows a possible role of the catalytic domain in targeting PKC isozymes to specific cellular sites and possible interactions with other proteins. Our data indicate that the presence of possible calponin binding sites on C2 domain of PKC-␣. However, PKC-␣ (C1-C2) and PKC-␣ (C1-C2-C3) did not bind to GST-calponin aa 92-229. It is possible that the C1 domain interferes with the binding of C1-C2 and C1-C2-C3 domain(s) with calponin. This result is consistent with other studies (24) . Leinweber and coworkers (15) found that the C2 and C1B domains of PKC-␣ interacted in the intact regulatory domain, since both C2 and C1B bound to the cytoskeletal protein calponin better than the whole regulatory domain. In the study of regulation of PKC-␣ activity, Slater et al. (37) found that the existence of C1-C2 domain interactions retained the PKC-␣ molecule in an inactive conformation. In this study we found without C1 domain, C2-C3, C3-C4 and C2-C3-C4 bound to calponin in vitro. However, in transfected cells the two fragments, C2-C3 and C3-C4 did not bind to calponin. Only fragment C2-C3-C4 bound to calponin. These results indicated that individual domains, C2 or C4 may not play a role in structural stabilization in the binding of PKC-␣ to calponin. Both C2 and C4 domains may be required for PKC to function well, which is different from binding of PKC-␣ to RhoA (27) . In cells, the membrane association of PKC occurs through C1 or C2 domains (25) . In vivo situations, recruitment of PKC to membranes by both the C1 and C2 domains results in a remarkably high-affinity interaction that depends on the presence of both diacylglycerol (or phorbol esters) and phosphatidylserine. This tight binding results in a release of the pseudosubstrate from the active site, thus allowing substrate binding and catalysis.
All PKCs, with the possible exception of PKC-, contain an autoinhibitory pseudosubstrate domain that maintains PKC in an inactive conformation by sterically blocking the active site. Activation of PKC is always coupled to removal of this autoinhibitory domain from the active site. Newton (24) proposed the model for PKC's regulation. PKC adopts a conformation such that pseudosubstrate occupies the active site of the catalytic domain of PKC. The high-affinity binding of the pseudosubstrate sequence to the catalytic cleft blocks substrate access and, hence, catalytic activity, thus maintaining it in the inactive form. Our results indicated that PKC-␣ (C2-C3-C4) bound to calponin in vitro. Furthermore, in cells transfected with this fragment, their association with calponin increased upon stimulation with acetylcholine. The constructs of PKC-␣ (C2-C3-C4) may mimic the active form of PKC-␣. Our results are consistent with the model in which activation of PKC-␣ by phorbol esters or Ca 2ϩ exposes regions in the catalytic domains that interact with PKC-␣ binding proteins and may explain the ability of wild-type PKC-␣ to be translocated to the membranes under certain conditions. In summary, C2, the regulatory domain, and C4, the catalytic domain of PKC-␣, are essential for the direct interaction of calponin with PKC-␣ in CSMC. Furthermore, calponin being actin-binding proteins, the direct interaction between calponin and PKC-␣ would suggest the possibility of interplay between signaling and contractile proteins. We thus hypothesize that direct interaction of calponin with PKC-␣ results in phosphorylation of calponin, which leads to agonist smooth muscle contraction of colon. Thus our results are in agreement with other reports indicating an important role for calponin in agonist-induced smooth muscle contraction.
